"Reconstruction Roads" are the highways constructed to accelerate recovery from the Great East Japan earthquake that occurred in 2011. The total distance of Reconstruction Roads is approximately 360 km, which includes more than 250 bridges. Because Reconstruction Roads are located in a cold zone, durability against frost attack is necessary for their concrete structures. In addition to freezing and thawing effects, bridges also suffer from alkali silica reaction (ASR) and chloride attack from the use of deicing salt.
INTRODUCTION (1) Reconstruction Roads
Recovery from the Great East Japan Earthquake was delayed owing to the closure of national route because dozens of national road bridges were washed away by the huge tsunami. Therefore, the Japanese government decided to start constructing "Reconstruction Roads" to accelerate the recovery from the earthquake in November 2011. Reconstruction Roads are located along the Sanriku Coast, as shown in Fig. 1 . The elevation of every bridge was planned to be higher than a possible Tsunami inundation height. The total length of Reconstruction Roads is 359 km, including 148 km of new sections. Reconstruction-supported roads that connect major cities with the Sanriku region were also designated as a leading project of the region's reconstruction plan by the government. The total length of the new section reaches 224 km, while approximately 250 bridges are planned to be constructed. Constructions of Reconstruction Roads and reconstruction-supported roads are in progress at an exceptionally fast speed. To keep the durability and the quality of new bridges, we modified the durability design in constructing several bridges in Reconstruction roads.
(2) Deterioration of reinforced concrete (RC) slab
in Japanese cold region In the Tohoku region, where Reconstruction Roads are planned, road bridges have deteriorated from a complex effect of environmental and load actions. Figure 2 shows the typical damage observed on the asphalt pavement. Owing to the coupling effect of frost damage, cyclic wheel load, and so on, the concrete matrix eroded into the asphalt layer. This deterioration forces administrators to authorize urgent repairs. The repair and renewal of RC slabs are a costly problem for road administrators nowadays.
Erosion of concrete slabs is often found where much deicing salt was used in areas with low traffic volume. In the Tohoku area, deicing salt is used to keep drivers safe during the winter season. A total of 10-30 t/km of salt is sprayed each year on the national route in this area. Therefore, many old bridges have deteriorated owing to chloride attacks caused by deicing salt. Frost damage and alkali silica reaction (ASR) are also accelerated by deicing salt. Therefore, the slab concrete of road bridges should be durable.
The visual inspection grade (defined in Table 1 ) of prestressed concrete (PC) and steel-girder bridges that were constructed within the last 20 years in the A B C E S M  A 22%67%0% 0% 0% 11%  B 0% 57%26%0% 9% 8%  C 1% 21%65%1% 9% 4%  E 0% 57%29%14% 0% 0%  S 0% 28%54%0% 16%1%  M 0% 64%20%0% 0% 16%   (b) Steel girder bridge  Present  A B C E S M  A 50% 25% 0% 0% 0% 25%  B 0% 56% 27% 1% 9% 8%  C 3% 30% 55% 0% 6% 6%  E ------ S 0% 37% 37% 0% 26% 0% M 0% 25% 25% 0% 13% 38% Tohoku area were statistically summarized in Table  2 . By comparing previous (five years ago) and present visual inspection grades, transition probability matrix was obtained. Then, the transition of the visual inspection grade with time was predicted by Markov chain model as shown in Fig. 3 . Fifteen years after construction, half bridges are classified as grade C or E, which require repair owing to deterioration regardless of bridge type. This degradation speed is much higher than the average in the whole country as reported in a previous research 2) . Although durability was considered in designing these bridges, problems remain in the durability of the current design and construction work. It is clear that we need to modify the durability design for RC and PC slabs in making the Reconstruction Roads. Otherwise, the bridges will suffer from early deterioration in several decades.
DESIGN FOR DURABILITY OF RC BRIDGE DECKS
Although there are various climates in the Japanese islands, the same standard specification is normally used in durability design. The current Japanese standard does not cover the effects of severe environments such as the complex actions of freezing damage and salt attack. Therefore, we considered the requirement for RC slabs in the Tohoku region as the first step of durability design.
(1) Requirements and criteria
According to code PLATFORM ver.1 3) , which provides the principles, guidelines and terminologies for structural design code, the design code consists of a description of the performance and a verification part, as shown in Fig. 4 . The description of performance has three layers: objective of structure, performance requirements, and performance criteria. Performance requirements are usually described in terms of service life, serviceability, and safety. To obtain the required performance, appropriate criteria should be determined. Performance criteria consist of actions (load and environmental actions), deterioration mechanisms or failure mechanisms, and limit states. Figure 5 shows the relationship between actions and deteriorations assumed in the design. In conventional concrete-mix design, one environmental action or load action is assumed for each deterioration [ Fig. 5(a) ]. Countermeasures for each action have been well studied and developed in this case. Chloride attack by deicing salt is not considered in designing RC slab concrete because asphalt pavement and water proof layers are considered effective in protecting concrete from salt water. The influence of water on fatigue strength is also not considered for the same reason.
On the other hand, we considered complex actions for each deterioration type in designing RC slab concrete, as shown in Fig. 5(b) . We assumed that the waterproof layer was not perfect because there had been several reports indicating that chloride ingress into the concrete slabs was not negligible. Figure 6 summarizes the chloride-ion concentration on the surface of a concrete slab of road bridges reported in past research 4),5) . Most data were measured on highways. However, the chloride concentration depends on the conditions of the pavement, waterproof layer, and so on. The measured value is higher than threshold chloride concentration for steel corrosion proposed in JSCE standard 6) in most cases. Therefore, we should consider the use of deicing salt as an environmental action when designing RC slabs.
It is known that the freezing and thawing effect increase in salt-water conditions. ASR is also accelerated by deicing salt. However, countermeasures for these complex actions have not been authorized yet.
(2) Multiple defense concept
Because bridges on Reconstruction Roads should be constructed at a fast speed, we did not have enough time to study and develop new countermeasures for complex actions. To obtain reliable durability, we decided to use a multiple defense concept, as shown in Fig. 7 . At least two countermeasures were applied for each deterioration type in our design concept. Even if one countermeasure is not enough against the target deterioration, another countermeasure reduces the risk of the deterioration.
We selected six countermeasures that were under development for complex actions. Because some countermeasures are effective on two or more deteriorations, the multiple defense network is constituted with a small number of countermeasures. Table 3 shows the conventional and proposed durability designs for RC slabs in a cold region. As discussed in Fig. 5(a) , a deicing salt attack is not specially considered in designing RC slabs at present. Many people believe that the asphalt pavement and a waterproofing sheet can perfectly protect RC slabs from chloride ingress. However, in reality, many RC slabs are deteriorated by chloride attacks.
(3) Details of countermeasures
A reactivity test for ASR should also be modified in case of alkali ingress environment 7) . The conventional reactivity test JIS A 1146 uses a mortar bar specimen whose alkali content is adjusted as 1.2% of its cement weight. This amount coincides with the possible maximum amount contained inside the concrete at mixing. Therefore, reactivity under an alkali ingress environment is not covered in this test. JIS A 1145 (chemical method) does not solve this problem because this chemical analysis test is based Fig.7 Multiple defense system applied to RC slab. on the test results of the mortar bar method. The reactivity of aggregate was checked by the RILEM-AAR4.1 method and SSW method. In the saturated salt wrap (SSW) method, a prism specimen whose dimensions are 100 mm × 100 mm × 400 mm is covered by a saturated salt wrap and cured at 40ºC. Because alkaline contents are high enough in these test methods, ASR reactivity under salt attack conditions is properly examined.
The use of fly ash is a core countermeasure because fly ash is effective against both ASR and chloride attack. Tanaka et al. 8) confirmed the preventive effects of fly ash and blast furnace slag under a severe ASR environment, as shown in Fig. 8 . Greater replacement ratio of additive has greater preventive effect.
Koyanagi et al. 9) found that both fly ash and blast furnace slag significantly prevent the ingress of chloride ions as shown in Fig. 9 . While chloride ion cleary diffused in the case of ordinary-portland -cement (OPC), chloride ingress was getting smaller with time in the case of fly ash cement and blast furnace slag cement. This preventive effect depends on the curing period as shown in Fig. 10 . While chloride concentration of fly ash concrete was smaller than OPC in the case of three-months curing ( Fig.10(b) ), the difference was not observed in the case of seven-days curing. Therefore, long-term curing is required to obtain anti-chloride ingress performance.
Air content was designed at 6% to obtain antifrost performance. This value is higher than the conventional target value (4.5%). This is because pumping and vibrating processes reduce the air content during concrete casting. We found that the air content of concrete after casting was reduced from approximately 4.5% to 2% at some actual construction sites. Therefore, we decided to increase our target air content to 6%.
An expansive agent was also used to reduce the risk of shrinkage cracks by introducing chemical prestressing. Epoxy-coated reinforcing bars were used to resist corrosion.
APPLICATION (1) Target object
Trial construction was carried out at the Mukai sada-nai Bridge, which is a steel girder bridge with . an RC slab. Figure 11 shows the dimensions of the Mukai sada-nai Bridge. The bridge width and length are 12.8 m and 44.5 m, respectively. An RC slab 230 mm thick is supported by five steel girders. Cover depth was designed as 30 mm, which is the minimum cover depth defined in specifications for highway bridges 10) . The concrete casting of the RC slab was conducted in March 2015 (Fig. 12) .
(2) Concrete mix
Concrete mix is designed in accordance with the abovementioned multiple defense concept. Tables 4  and 5 show the mixing proportions of concrete and the densities of materials, respectively. JIS-type II fly ash was used in the Mukai sada-nai Bridge. The unit weight of fly ash was decided to be 20% of the cement to obtain anti-ASR performance and antichloride performance. Water-to-cement ratio (W/C) was set at 54.8% to achieve the designed compressive strength (24 N/mm 2 ) at 28 days. A calcium-hydroxide type of expansive agent was used to reduce the shrinkage effect. A conventional AE agent was used to adjust the air content. Although fly ash generally tends to reduce the slump and air content by adsorbing the AE agent and water-reducing agent, the fly ash used in this construction did not significantly affect fresh conditions. This is due to an adequate quality control system of thermal power plant. The ready-mixed concrete plant also made a great contribution to supply stable quality concrete. Table 6 shows the slump and air content measured during the construction of RC slab. Fresh conditions were stable and within the target values. The proposed concrete mix design is executable if the quality of the fly ash is good and stable.
Reduction of the air content owing to the vibrator and concrete pump was measured and summarized in Fig. 13 . While the vibration period is recommended from 5 to 15 s in the JSCE standard specifications 11) , a longer vibration period leads to a clear reduction in air content. As shown in Fig. 13(a) , a 15 s vibration reduced 1%-2% of the air content. Air content was measured before and after pumping, as shown in Fig.  13(b) . In this case, air content decreased by approximately 0.5% by the pumping process. Because air content is reduced by 1.5%-2.5% during concrete casting, 6% is valid as a target value for the discharge from the agitator truck. (5) Scaling due to freezing and thawing effect Figure 15 shows the amount of scalling concrete due to freezing and thawing effect. The test followed ASTM C 672. Very slight scaling was observed visually in accordance with measured scalling weight. Figure 16 shows the chloride concentrations of immersion test specimens. The top faces of OPC and fly ash specimens were covered by 3% concentration salt water for three or six months. Water temperature was 40ºC. Because there was no difference in results between three and six months, fly ash concrete had anti-chloride ingress performance. On the other hand, chloride concentrations of normal concrete were higher than fly ash concrete at 20 -30 mm from surface. Fly ash concrete had high chloride concentration zone below the surface owing to the increase in Friedel's salt. 
(6) Chloride ingress

(7) Air content and spacing factor
The RC slab was cured in wet or sealed conditions for three months for pozzolanic reaction. After the long-term curing, several nondestructive tests were conducted to evaluate the initial condition of Mukai sada-nai Bridge. Figure 17 shows the air content measurement for the RC slab. The on-site air content was measured by an image analysis technique. Pictures of ground concrete surface were analyzed to detect micro air voids. Then, air content and spacing factor (which corresponds to the average distance between entrained air) were estimated according to ASTM C 457. However, the measured air contents were scattered, both minimum air content and maximum spacing factor were acceptable for anti-frost performance. At No. 4 position, the air contents of the top and bottom faces were measured. The results were similar owing to slight bleeding of the concrete mix.
(8) Long-term monitoring
For the ex-post evaluation, several strain sensors were embedded in the RC slab. Figure 18 shows strain changes of the free expansion specimen and RC slab. Owing to the reaction of the expansive agent, the free expansion specimen of dimensions 200 mm × 200 mm × 800 mm expanded by up to 300 micro. Strain was reduced by about 100 micro during the sealed condition owing to autogenous shrinkage. Moreover, 200 days of drying condition induced about 200 micro of drying shrinkage. On the other hand, the maximum expansion of RC slab was lesser than that of the free expansion specimen, especially in the longitudinal direction. This is because rebars and steel girders restrict expansive deformation. The autogenous shrinkage of the RC slab was similar to free expansive strain. The drying shrinkage of the RC slab was small because of the rainfall effect on the top face.
The outside temperature and relative humidity (RH) were also measured to be used in ex-post evaluation as shown in Fig. 19. 
(9) Simulation and prediction
Strain changes in the RC slab were simulated by multi-scale finite element analysis 12, 13) . The Du-COM-COM3 program was used for simulating the moisture transport, thermal stress, hydration and non-linear structural responses. Wet condition was assumed for top face because top face was covered by a plastic sheet for one year to prevent drying. On the other hand, measured RH value shown in 
Fig. 17
On-site measurement test for entrained air. Sealed Dry was set as the boundary condition on the bottom face.
As shown in Fig. 20 , the numerical result was consistent with the measured strain until 300 days from casting. The future behavior was also predicted by assuming the dry condition on the top and bottom faces. The monthly average temperature and humidity were used as boundary conditions. The simulation predicted that a few small crack would occur after two years owing to drying shrinkage as shown in Fig.  21 . Figure 20 shows that 300 micro of tensile strain is predicted at 900 days at crack position. The cracking strain is too small to cause corrosion. Even if crack propagation exceeds prediction, epoxy -coating protects reinforcing bars from corrosion.
COST ESTIMATION
Cost-effectiveness should be studied to spread the brand new technique. Therefore, we estimated the construction cost of bridge decks based on actual data as shown in Fig. 22 . The six countermeasures applied to Mukai sada-nai Bridge increased the construction cost by 26% compared with that of conventional RC slabs. The epoxy-coated rebars were the costliest. The durable concrete increased the construction cost by only 4%. In the case of severely damaged RC slabs, the cost of replacement with precast prestressed-concrete (PC) slabs is several times the initial construction cost. Figure 22 presents past replacement data for the Tohoku region. In this case, replacement cost was 4.11 times the initial construction cost. Therefore, making durable RC slabs is cost-effective in the cold regions of Japan.
FORESIGHT AND REMAINING PROBLEMS
Construction of a durable RC slab at the Mukai sada-nai Bridge verified that our durability design is feasible and cost-effective with regard to life cycle costs in a cold region. Owing to the success of the first trial, several durable RC slabs with fly ash concrete and epoxy-coated reinforcement were constructed on Reconstruction Roads, as shown in Fig.  23 .
There are several problems in making durable fly ash concrete. Because ready-mixed concrete plants rarely have an extra silo, fly ash is supplied manually to the mixer in many cases. Therefore, the volume and mixing speed of fly ash concrete are limited. The supply network for fly ash also has problems. At present, the number of thermal power plants that generates high-quality fly ash is limited. Therefore, we cannot buy fly ash in some areas. These problems should be solved so that our concept can be shared. Using fly ash is not the only way to solve the assumed deterioration shown in Fig. 5(b) . We are now developing an alternative method with blast furnace slag. The number of options should be increased for cost-effective construction.
CONCLUSIONS
A first trial construction of a durable RC slab was successfully carried out at the Mukai sada-nai Bridge, which is a part of Reconstruction Roads in the Japanese Tohoku area. Based on a multiple defense concept, the concrete mix was designed with regard to durability. Following this success, several bridges have been constructed in the same manner on Reconstruction Roads.
